Resume -Nous presentons une revue des travaux consacres ti l l @ t u d e des defauts ponctuels observes par des mesures e l e c t r i q u e s s u r du s i l i c i u m i r r a d i e par l as e r pulse. Dans l e cas du s i l i c i u m amorphise par implantation, il e s t montre que l e s e f f e t s de queue de d i s t r i b u t i o n sont responsables de l a m a j o r i t e des defauts r @ s i d u e l s observes. Par contre, des analyses effectuees sur du s i l icium legerement endommage, o n t montre qu ' il e s t d i ff i c i l e de r e c u i r e c e r t a i n s d@fauts ponctuels quand l a dur@e d'impulsion diminue. Enfin, l ' e t u d e des def a u t s ponctuels crees par l e processus l a s e r dans l e s i l i c i u m vierge met en evidence, essentiellement, des e t a t s donneurs. Ces derniers i n t r o d u i s e n t un e f f e t de compensation des materiaux de type P.
INTRODUCTION
The use o f h i g h power l a s e r annealing has been considered w i t h much i n t e r e s t over t h e p a s t few years since i t o f f e r s c e r t a i n advantages compared t o t h e furnace annealing o r the continuous l a s e r process. The three major p r o p e r t i e s of t h e pulsed l a s e r annealing can be summarized as f o l l o w : F i r s t , s p a t i a l l y l o c a l i z e d annealing o f f e r s advantages i n m i c r o e l e c t r o n i c s technology. For example, i t can be used t o anneal the implanted microstructures w i t h o u t degrading m i n o r i t y c a r r i e r 1 i f e t i m e i n the bulk.
Secondly, t h e process o f f e r s a h i g h e f f i c i e n c y f o r the i n t r o d u c t i o n o f the implant dopant i n t o s u b s t i t u t i o n a l p o s i t i o n s /1, 3/ except f o r the implanted i m p u r i t y t h a t e x h i b i t s a low-equil i b r i u m s o l u b i l i t y i n t h e l a t t i c e t h a t p r e c i p i t a t e s upon anneal i n g /4/.
Thi rdl3vpu'fsed annealing seems t o produce good qua1 i t y r e c r y s t a l 1 i z a t i o n o f the impl an,&d region. This t o p i c has been l a r g e l y analyzed using techniques l i k e RBS and TEW /5/. However, more s e n s i t i v e methods i n c l u d i n g photo1 uminescence IR absorption, E P ,~ analysis, and e l e c t r i c a l measurements such as DLTS have shown t h a t defects Subd i s t s i n the annealed l a y e r o r are created by t h e l a s e r process. The e l e c t r i c a l j o l e o f these defects i s c r i t i c a l and can p a r t i a l l y reduce the p o t e n t i a l advantages brought t o semiconductor technology by l o c a l i z e d surface melting.
I n t h i s paper we w i l l review the e l e c t r i c a l p r o p e r t i e s o f pulsed l a s e r i r r a d i a t i o n o f s i l i c o n :
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983543 -For P-N j u n c t i o n prepared by i o n implantation a t a doping l e v e l assuming the amorp h i z a t i o n o f t h e f r o n t l a y e r .
-For s l i g h t l y disordered l a y e r s by means o f low dose l i g h t i o n i m p l a n t a t i o n o r l i g h t p a r t i c l e i r r a d i a t i o n (e-, n, y, . . .).
-For Schottky s t r u c t u r e s r e a l i z e d on v i r g i n m a t e r i a l processed by pulsed l a s e r .
I -LASER PULSE ANNEALING OF AMORPHIZED LAYERS BY ION BOMBARDMENT

-EXISTENCE OF A LASER POWER THRESHOLD FOR MINIMUM DEFECTS
Processing by pulse annealing o f i o n implanted l a y e r s must ensure a h i g h e l e c t r i c a l a c t i v a t i o n o f the introduced dopant and as w e l l as a minimum r e s i d u a l d z f e c t l e v e l . The l a s e r power which s a t i s f i e s both o f these conditions i s c a l l e d the threshold energy t o have a minimum d e f e c t density" lower power leaves a h i g h concentration of p o i n t defects near the j u n c t i o n , w h i l e higher power may introduce l a s e r process r e -1 ated defects.
Kimerling and a l . /6/ have shown ( Figure 1 ) t h a t the l a s e r power threshold f o r m i n imum defects i s independent on t h e type o f pulsed>er used. I n the case of LAG-(1.06 pm) they have shown a decreasing minimum p o i n t d e f e c t w i t h increasing dopant implanted dose due t o the enhanced f r e e c a r r i e r s coupling . EI (om HI o f the l i g h t . On the o t h e r hand f o r the doubled . 1.2 -ORIGIN OF THE DEFECT ANNEALING LIMIT I f there i s general agreement / 6 -1 3 / t h a t f o r device preparation the l a s e r process i n g must m e l t both t h e implanted dopant d i s t r i b u t i o n as w e l l as any defect b u r i e d beyond the f r o n t amorphized l a y e r i n a region c a l l e d the "Implantation t a i l " , i t remains important t o determine i f l a s e r annealing conditions can be found t o assure o r 'not the c o n d i t i o n "depth o f m e l t i n g equals the depth o f i m p l a n t a t i o n damage>> 16, 81-Two concepts can be postulated. F i r s t : a) m e l t depth never equals the implant damage depth and second : b) the molten l a y e r covers the damage zone and a t higher l as e r power t h e l a s e r r e l a t e d defects are dominant. According t o t h i s concept, the d e f e c t annealing l i m i t i s c o r r e l a t e d w i t h r esidual defects buried too deeply t o be touched by the m e l t depth, so t h a t higher l a s e r energies, b u t s t i l l lower than the l i m i t o f v i s i b l e degradation o f the surface, can n o t guarantee the c o n d i t i o n "depth o f m e l t i n g equals the depth o f imp1 a n t a t i o n damage".
Blood and a l . /14/ have shown t h a t the t a i l i n g e f f e c t i s important even more if the implantation i s performed a t room temperature and o f f -a x i s as i l l u s t r a t e d on Figure 3 . The t a i l has an exponential slope which r e s u l t s i n a g r e a t penetrat i o n (over 1 pm) f o r concentration four o r f i v e orders o f magnitude lower than the maximum. The t a i l i n g e f f e c t i s due t o a pure d i f f u s i o n mechanism /15/ which can be enhanced by the presence o f p o i n t defects, by t h e c r y s t a l temperature o r by channeling phenomena i f the i m p l a n t a t i o n i s performed on-axis.
I n the l a t t e r case the r e c r y s t a l l i z a t i o n w i l l be i n i t i a t e d i n a region containing defects and the q u a l i t y o f regrowth w i l l be influenced by the number o f r e s i d u a l t r a p s a t the p o i n t o f regrowth.
I n agreement w i t h t h i s idea some authors /7, 10, 11[ have shown t h a t i n the case of an implantation a t dose s u f f i c i e n t f o r the amorphization o f the f i r s t layer, many traps are present w i t h an extension deeper than the implanted range and deeper than the m e l t depth. Hovewer, i t was found /7, 11/ t h a t the d e f e c t d i s t r i b u t i o n decreases w i t h an exponential slope as i l l u s t r a t e d i n Figure 4 . Moreover Mesli /16/ has reported t h a t a l l these observed defects are dependent on implantation parameters l i k e energy, i o n f l u x , temperature and o r i e n t a t i o n o f the substrate.
I n the same way Brower and Peercy /13/ nave found by EPR measurements and ruby l a s e r annealing o f phosphorus implanted i n s i l i c o n simultaneously amorphized by s i l i c o n ions t h a t the e f f i c i e n c y o f the l a s e r annealing increases when the energy of the i n c i d e n t i o n s i s reduced.
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Skolnick e t a l . /12/ have studied by photoluminescence the defects i n s i l i c o n amorphized by s i l i c o n ions. A f t e r ruby l a s e r annealing, they found a photoluminescent l i n e n o t removed even a t an energy o f 2.5 J/cmZ. They conclude t h a t t h i s d e f e c t i s produced during the implantation i n the region o f lower damage beyond t h e amorphous r e g i o n i n t h e channeling t a i l o f the i mp l a n t even i f the implantation i s performed o f f -a x i s . This i s also confirmed by the diode leakage current measurements performed by Wang e t a l . /11/ (Fig. 5 a and b) . Complementary carrier collection efficiency (coming from EBIC data) suggest t h a t the defects distribution has a long t a i l w i t h a significant defect concentration.
By double X-ray diffractometry Servidori e t a l . /17/ have shown that the observed disorder which decreases the l a t t i c e parameters of silicon extend t o depths much grea ther than the amorphi zed region.
To confirm t h a t the observed defects are due to some "long t a i l " . Mesli e t a l . /7/ have removed the defects in the lightly damaged region by a low temperature annealing (400" C ) not sufficient t o change, the absorption condition in the surface amorphized layer so that the melt depth will not be changed.
In t h i s case DLTS spectra have shown that defects are no longer present ( Fig. 6 ) aft e r laser irradiation in the space harge region of the junction. I t i s also t o be 5 noted that the laser energy (1 J/cm ) i s too low to create laser related defects in t h i s deep region. For some authors like Skolnick e t a l . /12/ the melting and rapid recrystallization of crystalline silicon do not produce a significant number of radiative point def e c t s , while no photoluminescent l i n e ( o r very weak lines) are observed for ruby laser annealing of unimplanted samples w i t h energies ranging from 0 t o 2.5 ~/ c m~. However, a line has been found to be produced by solid phase annealing of the ion implanted damage in the channeling t a i l beyond the amorphized region. This line has never been observed a f t e r laser processing of implanted samples and i s not present a f t e r the ion implantation alone so that laser heating i s therefore necessary t o produce t h i s level. Thus laser treatment can reveal and enhance some defects.
While electrical studies (sensitive only in the space charge region) of devices real ized by ion implantation and subsequent laser annealing typically reveal implantation defects lying beyond the doped region, the laser processing defects are best studied by observing changes induced in an undamaged surface layer in Schottky barFier structures. This will be discussed i n Paragraph 111.
The question here i s i f a f r o n t amorphized l a y e r can a c t as a mash f o r good anneal i n g o f deep defects, o r i n contrary, can be b e t t e r as the absorption o f l i g h t and m e l t depth i s greather.
a) The amorphized l a y e r as a mash Brower /13/ has shown by EPR analysis o f the paramagnetic l a t t i c e damage recovery t h a t the r e c r y s t a l l i z a t i o n o f low dose phosphorus i m p l a n t a t i o n i s b e t t e r i f the f r o n t l a y e r i s n o t amorphized.
Moreover t h e argument t h a t t h e amorphized l a y e r can p l a y a r o l e o f b a r r i e r has been used by Sasaki e t a l . /18/ i n the discussion o f the two k i n e t i c models "melting" o r "plasma" annealing. This group has performed double implantation o f 3 1~, low dose t o dope and high dose t o forman amorphized f r o n t l a y e r . I n agreement w i t h precedent works /6, 7 1 , they found t r a p s underneath the amorphized l a y e r .
I n c l a s s i c a l thermal model c a r r i e r recovery may have occured easier i n t h e sample which have t h e surface amorphized l a y e r , i n t h i s case m e l t depth i s l a r g e r than i n c r y s t a l l i n e s i l i c o n f o r the same energy as p r e d i c t e d by the models /19/. As t h i s assumption contradictes the previous r e s u l t s , t h e authors conclude t h a t the process o f c a r r i e r recovery i n t h e deep region i s n o t mel.ting and r e c r y s t a l l i z a t i o n b u t i s r e l a t e d t o the deep penetration o f l i g h t i n t h e c r y s t a l so t h a t i t i s the plasma mechanism t h a t occurs.
18:
By using double l a s e r i r r a d i a t i o n (Figure 7) However, i t must be remembered t h a t annealing of some p o i n t defects can occur by s o l i d phase e p i t a x y i n the h o t region adjacent t o the m e l t as w i l l seen i n the sect i o n 11.
b) The p o s i t i v e r o l e of the amorphized l a y e r Nakashima e t a1 . /20/ reported by photoluminescence o f l a s e r annealing of phosphor~s implanted l a y e r s t h a t the regrowth i s b e t t e r f o r high doses o f 3 1~+ than f o r low doses, due t o a higher absorption region which enhances the temperature r i s e . h e r e t h e f i r s t removes the amorphized l a y e r and the second anneals the deep defects, they have a b e t t e r annealing t h a t using a -.
I t has been also shown by Young /21/ t h a t the r e c r y s t a l l i z a t i o n v e l o c i t y V can p l a y a r o l e . The decrease o f V has been c o r r e l a t e d t o b e t t e r e l e c t r i c a l c h a r a c t e r i s t i c s of t h e j u n c t i o n (by measurements o f s o l a r c e l l parameters under i l l u m i n a t i o n ) . Expe- These authors suggest t h a t a f t e r the f i r s t l a s e r pulse the absorption l e n g t h o f s u r f ace region becomes l a r g e r so t h a t the second l a s e r beam can be t r a n s m i t t e d deeper i n t o the c r y s t a l and can anneal the deep l y i n g defects. r i m e n t a l l y the regrowth v e l o c i t y has been diminished by increasing the temperature of the substrate during the l a s e r annealing, b u t the suggest t h a t the q u a l i t y of the regrowth l a y e r i s dependent on V cannot be confirmed by t h i s experiment w h i l e the melt-depth increases so t h a t the concentration sprawl o u t and the j u n c t i o n i s deeper. For t h e f i r s t concept, i n which the r e c r y s t a l l i z a t i o n i s i n i t i a t e d i n the exponential t a i l o f the implanted damage, the q u a l i t y o f regrowth w i l l be b e t t e r i f we s t a r t i n a more deeper region /7/.
-ASSIGNMENT AND ANNEALING OF POINT DEFECTS
The f i r s t t e n t a t i v e assignment o f the l e v e l s was made by Kimerling e t a l . /6/ and Wang e t a l . /11/. They tended t o separate those observed i n i o n implantation from those present i n i r r a d i a t e d bare s i l i c o n . Some o f them are c l e a r l y r e l a t e d t o r e s idual i o n damage l i k e E (0.18 eV) which i s observed a l s o a f t e r 1 MeV e l e c t r o n bombardment, t h i s can then be assigned t o I V -01 defects a l s o reported by /7/ w i t h an annealing temperature o f 400' C. This i s d i f f e r e n t from E (0.19 eV) reported by Kimerling /6/ on bare l i q u i d phase processed s i l i c o n t h a t disappears only a t 550°C.
I n t h e range o f 0.27 -0.37 eV, e l e c t r o n traps are found c o r r e l a t e d t o defects which increase i n concentration by increasing t h e mass p a r t i c u l e s . They are assigned t o multicomplex defects E (0.27 eV) o r multivacancies centers.
A s i m i l a r assignment i s given f o r t h e photoluminescent l i n e and f o r defects observed by X-ray d i f f r a c t o m e t r y /17/.
The H (0.36 eV) has been assigned t o carbon r e l a t e d defects /8/ I V -Ci -0 I which disappears a t 400 -500° C.
Deeper defects E (0.45 eV -0.53 eV) have been associated w i t h divacancy and pentavacancy /7/ w i t h a higher annealing temperature.
The most important p o i n t i s t h a t a l l these defects disappear a t l e a s t f o r the most complex defects (~5 ) , a t a temperature around 600" C so t h a t a post l a s e r treatment performed a t t h i s temperature i s necessary and s u f f i c i e n t t o a t t a i n good j u n c t i o n c h a r a c t e r i s t i c s as reported by /22, 23/.
I1 -PULSED LASER ANNEALING I N SLIGHTLY DISORDERED SILICON
The p r i n c i p a l conclusion o f the foregoing section i s t h a t pulsed l a s e r annealing o f h i g h l y doped l a y e r s by i o n implantation i s much more e f f i c i e n t i n the amorphized r egion than i n the s l i g h t l y disordered adjacent t a i l region.
I n t h i s section we w i l l discuss more p r e c i s e l y the annealing o f s l i g h t l y disordered c r y s t a l l i n e s i l i c o n by means o f low dose i o n i m p l a n t a t i o n o r l i g h t p a r t i c u l e s i r r ad i a t i o n (em, n, y . . . ) .
Much less a t t e n t i o n has been devoted t o t h i s s i t u a t i o n i n which t h e mechanism of annealing o f each i n d i v i d u a l p o i n t d e f e c t can be studied as opposed t o the o v e r a l l ann e a l i n g described i n the f i r s t section i n which amorphization takes place.
When l i g h t ions are implanted i n t o s i l i c o n a t small doses t h a t maintain the c r y s t a ll i n e aspect o f the t a r g e t , some authors /24, 25/ have observed a e l e c t r i c a l compens a t i n g e f f e c t o f the implanted dopant l e v e l a f t e r pulsed l a s e r annealing; phenomenon r e l a t e
d t o the presence o f p o i n t defects and t h e i r complexes w i t h high concent r a t i o n s i n the annealed l a y e r . This has been confirmed by measurement of the var i a t i o n of the b u l k m o b i l i t y t h a t i s a f u n c t i o n o f the number o f the s c a t t e r i n ? cent e r s /25/. This compensation influences the " i m p u r i t y u t i l i z a t i o n c o e f f i c i e n t of the implanted dopant. F i g . 8 shows the v a r i a t i o n o f t h i s c o e f f i c i e n t versus dose of the phosphorus implanted i n t o N-type s i l i c o n f o r d i f f e r e n t s ruby l a s e r energies. I n the case o f thermal annealing (700" C, 15 mn, dashed curve) we n o t i c e the w e l l know decline i n the u t i l i z a t i o n c o e f f i c i e n t w i t h implantation dose due t o the dopant prec i p i t a t i o n process.
However, f o r pulsed l a s e r annealing, the c o e f f i c i e n t decreases w i t h de------+--creasing dose, and the e f f i c i e n c y o f the doping increases w i t h l a s e r energy. This shows t h a t a t low dose implantation, i t i s d i f f i c u l t t o have a t o t a l a c t i v i t y o f the dopant even i f the s i l i c o n i s o n l y s l i g h t l y disordered.
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Thermal annealing F i g . 8 -Dependence o f the impuri-9 t y u t i l i z a t i o n c o e f f i c i e n t on the phosphorus i o n dose a f t e r l a s e r (1, 2) and thermal (3) annealing. 
I t seems t h a t i t i s more d i f f i c u l t t o anneal completly the residual damage even w i t h high l a s e r power. These observations are i n c o n t r a s t t o c l a s s i c a l annealing k i n e t i c s when most residua l defects l i k e P -V complex (E center) o r V -0 ( A center) and vacancy complexes anneal o u t i n the range o f 150
-500" C.
I n order t o understand the pulsed l a s e r annealing k i n e t i c s o f p o i n t defects, a u n iform formation o f damage by bombardment w i t h l i g h t p a r t i c u l e s associated w i t h anal y s i s techniques such as DLTS o r I R absorption would appear t o be u s e f u l l . These kinds o f methods o f f e r the p o s s i b i l i t y o f c o n t r o l l i n g the nature o f p o i n t defects and o f f o l l o w i n g t h e i r concentration and p r o f i l e s i n t h e b u l k w i t h the parameters o f the annealing process.
Using these techniques, Kachurin e t a l . /26/ and Kimerling e t a l . /6/ have shown that, a f t e r f a s t e l e c t r o n i r r a d i a t i o n o f s i l i c o n and Q switched ruby o r Nd YAG l a s e r annealing,the various types o f p o i n t defects created are n o t a l l removed a t the same time. Certains defects need higher power as i l l u s t r a t e d i n Figures 9 and 10. I n F i g . 9, i t i s seen t h a t the E center and l e v e l a t Ec -0.30 eV disappear when t h e 2 pulse energy i s E 5 1 J/cm f o r t h e ruby l a s e r . However, the A center and the diva-2 cancy needs higher energies (E 1.
Fig. 9 -Peak amplitude v a r i at i o n s i n DLTS spectra of radiat i o n defects formed by e l e c t r o n i r r a d i a t i o n , a f t e r the a c t i o n o f l a s e r pulses w i t h various
J/cm ) . The same authors have measured t h e r a -2 d i a t i o n d e f e c t concentration as f u n c t i o n s o f depth f o r a pulse energy o f 2.J/cm .
The r e s u l t s reported i n F i g . 11 show that,for a s u f f i c i e n t l y l a r g e pulse energy, the r a d i a t i o n defects disappear o n l y from a t h i n n e r l a y e r (0.2 -0.3 urn) where the temperature exceeds t h a t needed t o m e l t the surface.
I 11
I n excess o f t h i s depth, the annealing 1) where NTT i s the concentration o f p o i n t defects remaining a f t e r the l a s e r process, I n t h i s model, we assume t h a t l ag 1000, s e r i r r a d i a t i o n does n o t i t s e l f u L c r e a t e p o i n t defects i n a concen-
NTo i s t h e i r i n i t i a l concentration and T the r a t e o f d e f e c t annealing. This l a t e r parameter depends on t h e temperature and a c t i v a t i o n energy
X t r a t i o n comparable t o t h a t produ-
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ced by bombardment o r implantation 500-laser and e a t low doses, and t h a t the anneapulse anneal.
l e d defects do n o t reform t o pro--duce new centers. 
r a p o l a t e d t o the s h o r t times.
Time o f annealing Is) Fig. 12 shows t h a t i n the c l a s s i c a l annealing ; =i on the temperature needed t o anneal p o i n t s defects i s s l i g h t l y greather than t h a t given i n the l i t e r a t u r e /27, 29/. This i s due t o the r a t i o NTo / NTT = 10 considered i n our c a l c u l a t i o n . The temperature needed t o anneal 90% o f the p o i n t defects increases when the heating time i s reduced, so t h a t a temperature above the m e l t i n g c o n d i t i o n seems t o be necessary t o remove the V -0 association f o r annealing times l e s s than 10-3 sec. This i s i n agreement w i t h the r e s u l t s reported by Kachurin e t a l . i n F i g . 9, since t h i s association i s o n l y r emoved i n the l i q u i d phase extension.
o f 1014 ~m -~. He f i n d s also t h a t the V -V annealing begins a t l a s e r energies l ower,that those expected f o r m e l t i n g i n c r y s t a l l i n e s i l i c o n as reported i n Fig. 13 . However,for the implantation dose used, t h e damage can enhance photon absorption i n the implanted l a y e r and induce a decrease o f the thermal c o n d u c t i v i t y so t h a t the m e l t temperature i s achieved a t a lower l a s e r energy t h a t i s s i t u a t e d between l i m it i n g conditions defined f o r amorphous and undamaged s i l i c o n .
I n c o n t r a s t w i t h the thermal models o f defect annealing, Suski e t a l . /31/ suggest t h a t the recovery o f t h e B -V complex a t h i g h energy ( 2 1 ~/ c m 2 ) f o r t h e ruby l a s e r (20 ns) i s due t o the i o n i z a t i o n e f f e c t (plasma model) because o f the high a c t i v a t i o n energy o f t h e d e f e c t (5.6 eV /32/).
However, the pulse heating has a serious drawback i n the annealing o f p o i n t defects i n region deeper than t h a t reach by t h e melting. Then from the p r a c t i c a l p o i n t o f view, nanosecond 1 aser annealing o f s l i g h t l y disordered s i l i c o n o r the region beyond the amorphized l a y e r should be used i n con~bination w i t h m i l l i s e c o n d o r continuous low temperature treatment as shown i n F i g . 10.
2 The f a c t t h a t Kachurin /26/ finds o n l y 0.2 pm o f m e l t i n g a t 2.5 J/cm i s s u r p r i s s i n g i f we compare t h i s r e s u l t t o t h a t expected i n the c l a s s i c a l thermal model i n which a m e l t depth greater than 0.5 i s g e n e r a l l y expected. This may mean t h a t t h e m e l t i n g threshold and temperature p r o f i l e i s c r y s t a l l i n e s i l i c o n can be d i f f e r e n t from those expected /33/.
Recently some authors /34, 351 have included i n t h e i r t h e rmal model the c r y s t a l l i n e q u a l i t the c l a s s i c a l thermal model. However t h i s var i a t i o n of the m e l t i n g threshold i s n o t s u f f ic i e n t l y important t o e x p l a i n the very t h i n me1 t region found by Kachurin /26/.
As a conclusion t o these f i r s t two sections, we can say t h a t the s h o r t d u r a t i o n of heating i s h i g h l y advantageous t o the e l e c t r i c a l a c t iv a t i o n o f the implanted dopant, o f f e r i n g a t the same time a complete absence o f macroscopic defects such as d i s l o c a t i o n s o r stacking f a u l t s .
F i g . 13 -Unannealed divacancy f r a c t i o n s versus 2 5 ruby l a s e r energies. Each p o i n t was I n order t o analyse the defects created by t h e l a s e r process alone, we consider i n t h i s section t h e v i r g i n c r y s t a l l i n e s i l i c o n .
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taken on a separate sample. /30/.
I n such m a t e r i a l , the primary e f f e c t d i r e c t l y observed i s the degradation o f I -V c h a r a c t e r i s t i c s /39, 40/ as shown i n F i g . 14 a) and b).
These r e s u l t s obtained w i t h ruby l a s e r (20 ns) on N-type s i l i c o n demonstrate the r e s p o n s a b i l i t y o f the l a s e r i n t h e c r e a t i o n o f t r a p p i n g and recombination l e v e l s near t h e surface. These recombination centers determine the reverse c u r r e n t o f the schottky diode /41, 42/. The experiment o f f i g u r e 14 (b) shows moreover t h a t the m a j o r i t y o f defects are l o c a t e d w i t h i n t h e molten region, so t h a t we can confirm t h a t i n the case o f a P -N j u n c t i o n ( i n which t h e space charge region begins near t h e m e l t i n g l i m i t ) the observed defects are mostly c o r r e l a t e d t o residual implanted damage. Many defects analysis r e s u l t s have been given i n the l i t e r a t u r e . The elect r i c a l parameters o f these defects, determined e s s e n t i a l l y by t h e DLTS method, are summarized i n Table I f o r N-type s i l i c o n i r r a d i a t e d w i t h ruby and Nd : YAG l a s e r .
Concerning the energy l e v e l s o f t h e traps detected, the r e s u l t s are q u i t e d i f f e r e n t from author t o author. However,all references agree about the thermal annealing temperature. The high values obtained i n d i c a t e the s t a b i l i t y o f the p o i n t defects created by the l a s e r process.
'Generally the quenching i s employedto e x p l a i n the observed defects. However i n the case o f pulsed laser, the r a t e o f quenching i s more t h a t three o r f o u r orders o f magnitude shorter than t r a n s i e n t used previously. Besides i n t h e quenching model, REF. 
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This i l l u s t r a t e s t h e compensating e f f e c t s i t y has been observed /6, 43/. But t h i s i m p u r i t y seems be a c t i v e i n P-type s i l i c o n . Moreover these defects exhi b i t high s t a b i l i t y . If we consider the quenching model where the vacancies generated a t h i g h temperature could p r e c i p i t a t e during t h e fast cooling, we suggest the vacancy-oxygen complex and c l u s t e r s of vacancy l i k e surface defects (Ec = 0.53 eV), divacancies (Ec = 0.41 eV), 5 2 pentavacancies V (Ec = 0.34 eV) o r divacancy-oxygen v2 -0 (Ec -0.27 eV) as assignments f o r the observed defects. A l l these assignments are coherent w i t h the f a c t t h a t a r e l a t i v e high temperature (= 500' C) i s needed t o remove the observed defects. e t a l . have found t h r e e l e v e l s corresponding t o m i n o r i t y c a r r i e r t r a p s w i t h
CONCLUSION
As a general conclusion on the o r i g i n o f p o i n t defects present a f t e r pulsed l a s e r i r r a d i a t i o n , i t has been shown t h a t e s s e n t i a l l y a r e s i d u a l t a i l o f implanted defects s u b s i s t i n a region deeper than the molten l a y e r f o r P -N j u n c t i o n prepared by i o n bombardment w i t h subsequent l a s e r annealing.
I n s l i g h t l y disordered materials, t h e recovery o f defects depends i n t h e i r nature, so t h a t t h e annealing o f deep l y i n g defects i n the c r y s t a l i s b e t t e r achieved by longer annealing time (msec t o sec) o r otherwise needs a post l a s e r thermal treatment. F i n a l l y i n v i r g i n s i l i c o n , s t a b l e defects found i n the molten l a y e r are mostly correl a t e d t o an association of vacancies, which anneals i n t h e range o f 500 -600° C.
They are mainly e l e c t r o n traps which can p l a y a compensating r o l e i n P-type m a t e r i a l s .
